everal lines of evidence support the notion that the brain exhibits a significant degree of experience-dependent functional plasticity even in adulthood (1-10). This plasticity may underlie the acquisition and long-term retention of skills (procedural memory) (11-13). There is growing evidence, however, indicating that different brain areas are involved in the initial, compared with subsequent, phases of learning after practice in a given motor as well as nonmotor task (14-22). These practicerelated changes in the set of brain areas engaged by a repeating task were reported to occur mostly within a single session. However, recent behavioral data have shown that the acquisition of skilled performance occurs on a time scale of hours, days, and weeks (2, 5, 7, 11-13, 18, 21-24). A leading notion, the ''power law of practice,'' suggests that the evolution of skilled performance is determined solely by the number of task repetitions (1-5, 7, 11-13, 25, 26); there are, nevertheless, compelling indications that the passage of time is also an important factor in the acquisition of skills (2, 24, (27) (28) (29) .
S
everal lines of evidence support the notion that the brain exhibits a significant degree of experience-dependent functional plasticity even in adulthood (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . This plasticity may underlie the acquisition and long-term retention of skills (procedural memory) (11) (12) (13) . There is growing evidence, however, indicating that different brain areas are involved in the initial, compared with subsequent, phases of learning after practice in a given motor as well as nonmotor task (14) (15) (16) (17) (18) (19) (20) (21) (22) . These practicerelated changes in the set of brain areas engaged by a repeating task were reported to occur mostly within a single session. However, recent behavioral data have shown that the acquisition of skilled performance occurs on a time scale of hours, days, and weeks (2, 5, 7, 11-13, 18, 21-24) . A leading notion, the ''power law of practice,'' suggests that the evolution of skilled performance is determined solely by the number of task repetitions (1-5, 7, 11-13, 25, 26) ; there are, nevertheless, compelling indications that the passage of time is also an important factor in the acquisition of skills (2, 24, (27) (28) (29) .
Based on behavioral and imaging studies, two distinct stages in skill acquisition were proposed: early, relating to withinsession improvement, and late, slow changes in performance that can be observed across several (daily) sessions of practice (1, 2, 5, 7, 10, 12, 13, 28) . To account for robust delayed gains in performance that emerged after a latent period of more than a few hours after a single-session training, the notion of an intermediate phase corresponding to the posttraining hours has been proposed (2, 7, 13, (27) (28) (29) (30) (31) . The conjecture is that a process of memory consolidation requiring time to become effective (in terms of performance) can be triggered by the training experience under certain conditions and requires time to become effective (in terms of performance) in both perceptual and motor tasks [but also in the acquisition of cognitive skills (12) ].
Recent studies further suggest that sleep may contribute significantly to the development of the delayed gains in this type of learning (28, 30, 32) .
It is not clear, however, whether the effects of a single training session, with ample time given for the evolution of delayed gains, can be conceptualized as the unit of skill acquisition, i.e., that multisession training gain constitutes but the sum of incremental gains of a number of single sessions. An earlier study (2) showed that all gains in speed of performance after completing longterm training on a sequence of movements were highly restricted by the physical parameters of the training experience, with no transfer to the untrained hand or to different arrangements of the trained movement components comprising the sequence. Here we show that this remarkable specificity evolves in a stepwise manner both within and between sessions. Within a given session, large performance gains occurred only for newly introduced conditions irrespective of the absolute level of performance. Although after a single session qualitative and quantitative changes in performance emerged in time, further qualitative rather than just quantitative changes occurred during multisession training.
Methods
Participants. Eighty-three young adults [mean, 23 (17-34) years] were paid to train on a finger-opposition task. Participants were right-handed, had no medical conditions that could impair fine motor performance, reported Ͼ6 h of sleep per night, and had no sleep-wake-cycle disruptions. Musicians, professional typists, and evening-type persons [Circadian Clock Questionnaire, based on Horne and Ostberg (33)] were excluded. Informed consent was obtained before the experiment.
The Task. The participants performed the instructed movements while lying supine with the head immobilized in a head holder. The hand was positioned on the subject's chest with the elbow flexed, in direct view (palm-facing) of a video camera, to allow recording of all digit movements. Visual feedback was not afforded. The motor task was as described (1) . Subjects were instructed to oppose the fingers of the left (nondominant) hand to the thumb in a given sequence (Fig. 1) . In the initial session each participant underwent a pretraining performance test, a training session, and an immediate posttraining performance test. Each training session consisted of 160 repetitions of a randomly assigned sequence (A or B) that were divided into 10 training blocks. During training, the initiation of each sequence was cued by an auditory signal at a rate of 0.4 Hz (2.5 sec per sequence). For performance testing, participants were provided only with an initial cue and were instructed to continuously tap the sequence as rapidly and accurately as possible until given a stop signal (test block, 30 sec). Each test session consisted of four blocks. The intervals between test blocks were kept constant (50 sec). No feedback was provided. Participants were instructed that occasional errors should not be corrected and to continue with the task without pause as smoothly as possible.
Three transfer conditions were tested: performance of the trained sequence with the untrained hand and of a reversed sequence of identical component movements with both the trained and untrained hand. The trained condition was always tested first, then the reversed sequence with the trained hand, and then, randomly ordered, the two sequences with the untrained hand.
Design and Procedure. Experiment 1. The performance of 36 participants was assessed before a single practice session, immediately after the session, and 24 and 48 h posttraining (experiment 1a). After completing this phase, 16 participants were randomly assigned to continue training for five additional sessions, spaced 1-3 days apart, on the same sequence as in the initial session (experiment 1b). On average this phase took 15 Ϯ 4 days. Forty-eight hours after the initial training session and again after the completion of prolonged training, subjects were tested in the three transfer conditions. Two participants who did not participate in the prolonged training phase were retested Ͼ5 months after the single training session. As a separate control group, eight additional participants were trained for a single session and retested 5 h posttraining. Experiment 2. To assess the transfer capability by the end of a single training session, eight subjects were given training as described for experiment 1 and tested on the three transfer conditions immediately after training. Experiment 3. To test the relative contributions of time and time in sleep to the posttraining (between-session) gains in performance, we measured the speed and accuracy of performance in another group of 15 subjects using the same task at two sessions spaced 12 h apart from each other. An over-day (OD) (n ϭ 7) group was tested and trained in the morning and retested in the evening with no sleep allowed during the day, whereas the participants of the overnight (ON) (n ϭ 8) group were first tested and trained in the evening and retested the next morning after normal sleep. Both groups were retested 24 h posttraining. Experiment 4. Control experiments with 16 additional subjects were used to compare the baseline differences in the performance of the sequences between the two hands. Each subject performed the chosen sequence by both hands, with the order of the hands balanced across subjects. Statistical analysis revealed no hand (right vs. left, P ϭ 0.12) or sequence (A or B, P ϭ 0.47) differences in baseline (untrained) performance. Speed and accuracy data were analyzed by using a general linear model. The statistical analysis of block-by-block accuracy gains was influenced by the fact that, throughout training, participants committed very few errors.
Results
Training on a given sequence of movements resulted in early (within-session) and delayed (posttraining, time-dependent) gains in performance triggered by a single training session in terms of both speed and accuracy (experiment 1a; Fig. 2 ). Immediate posttraining testing showed significant gains in speed with no loss in accuracy compared with baseline. The average gain in speed was 5.6 sequences (equal to 28 additional opposition movements) executed within the 30-sec duration of the test period. However, 24 h posttraining, additional robust gains in speed were observed concurrently with a significant reduction in the absolute number of errors. The average gain in speed 24 h posttraining, compared with the immediate posttraining performance, was 3.5 sequences (Ͼ17 additional opposition movements), and the average number of errors was reduced from 1.5 to 0.7 per test block. The improvement in performance throughout this limited time window was stepwise with no improvement evident during the first 5 h after the termination of training. Five hours posttraining, both speed and accuracy were maintained at the level achieved immediately after training [F(1) ϭ 0.257, P ϭ 0.628]. This process of latent improvement seems to near asymptote by 24 h, although 48 h posttraining, small but significant additional gains in speed were observed [approximately three additional opposition movements; F(1) ϭ 7.286, P ϭ 0.011]. Analysis of the differences in performance speed during the testing occasions demonstrated that the critical period for the posttraining improvement were the first 24 h after the training session (t ϭ 7.074, P Ͻ 0.001).
To probe the nature of the internal representations presumably subserving the large gains in performance triggered by a single training session, the ability of participants to generalize their experience under different task conditions was measured 48 h posttraining. There were significant practice-related gains for all transfer conditions relative to the baseline performance of the trained sequence (Fig. 2) . The effects of training were transferred almost completely to the right hand both in terms of speed and accuracy. Transfer to the untrained hand was not affected by the order of tested conditions. Although perfor- The finger-to-thumb opposition task. The two sequences were matched for number of movements per digit and mirror-reversed in relation to each other (in terms of order). A comparison of the transfer pattern 48 h posttraining to the immediate posttraining transfer tests (experiment 2) suggested a strengthening of a sequence-specific representation of the task with the passage of time (Fig. 3) . Immediately after training the participants showed a clear advantage for the performance of the trained sequence in the trained hand [F(1) ϭ 24.73, P ϭ 0.002] but no difference in speed between the trained and control sequence performance in the untrained hand. {A trend for reduction [F(1) ϭ 5.40, P ϭ 0.05] in the number of errors in the trained sequence is obtained.} By 48 h posttraining, however, the delayed gains in both hands were specific for the trained sequence (both speed and errors; Fig. 2 ). These findings suggest that the delayed gains 48 h after the completion of a single training session were sequence-specific but not effectordependent. Thus, our results indicate an early setting up and time-dependent strengthening of a motor routine specific for the execution of the trained sequence of movements at an effectorindependent level. Throughout training, subjects made very few errors. No speed-accuracy tradeoff was evident in all tested conditions. Moreover, the correlation between performance rate and errors was negative (r ϭ Ϫ0.84, P Ͻ 0.001), indicating concurrent gains in both speed and accuracy.
To test the relative contributions of time and time in sleep to the posttraining (between-session) gains in performance, we measured the speed and accuracy of performance in another group of individuals using the same task at two sessions spaced 12 h apart from each other (experiment 3, Fig. 4 ). An OD group was tested and trained in the morning and retested in the evening with no sleep allowed during the day, whereas the participants of the ON group were first tested and trained in the evening and retested the next morning after normal sleep. All individuals of the ON group showed a significant improvement in speed during These findings indicate that the effects of training, although not expressed as gains during the 12 h of the awaking state (OD group), became effective after a subsequent night sleep and were as large as the gains of the ON group with sleep closely after the training experience. This suggests that the delayed effects of training were maintained in some latent form during the waking state for at least 12 h.
A previous study showed effective retention of the skill after prolonged (5 weeks) practice 1 year after training was stopped (2) . To study the long-term effects of a single session of training, two subjects were retested after an interval of 5 and 8 months in the trained and transfer conditions (experiment 1a, Fig. 5 ). The performance gains attained 48 h after a single session of training were fully retained. Moreover, the pattern of transfer at 5 and 8 months posttraining was similar to that found at 48 h posttraining, indicating the preservation of the effector independent representation of the trained sequence for many months after a single learning experience.
There were additional, significant, incremental gains in speed with no loss in accuracy as a function of prolonged training (experiment 1b). Performance almost leveled off by the sixth session with a difference of less than one sequence gained between the fifth and sixth sessions. The performance 48 h after the initial training session, compared with that after the completion of the five additional training sessions, is shown in Fig. 6 . Performance speed for the trained sequence in the trained hand robustly improved [F(5) ϭ 33.7, P Ͻ 0.001], with accu- racy maintained at the level attained 48 h posttraining (P, nonsignificant). Fig. 6 shows that the large performance gains achieved after multisession training were much less susceptible to transfer. Whereas the gains 48 h after training were found to be specific for the movement sequence but effector-invariant, the long-term training gains were both sequence-specific and effectordependent. Switching from the left to the right (untrained) hand after long-term training resulted in a significantly slower performance of the trained sequence (F ϭ 32.05, P Ͻ 0.001). Fig. 6 Lower shows that, in parallel to the lack of transfer of the additional gains in speed, the absolute number of errors significantly increased both when switching to the alternate movement sequence and to the different effector after long-term training. Thus, the results of the transfer tests after multisession training indicated a critical shift in the nature of the representation of the trained sequence compared with the outcome of a single session of training immediately, 48 h, or months posttraining.
Although robust changes occur on a time scale of hours and days, our results also demonstrated that important changes in performance occurred on a much shorter time scale. Whenever participants were introduced to a new task condition, they performed differentially as a function of two independent aspects of experience. The initial performance level highly depended on previous experience with the task (including experience with a different hand or a different sequence of movements). However, the actual experience (familiarity) with any specific task condition was reflected in the changes in performance. Our data show that whenever (early as well as late in practice) novel conditions were introduced, there were very rapid block-by-block gains (Figs. 2 and 6 ). To test this hypothesis, we calculated for all individual subjects the slopes of linear regression lines that were fitted to the four test blocks of each test condition (Fig. 7) . The comparison between the slopes of all the novel conditions with the trained conditions demonstrated significant differences between the two groups (t ϭ 6.22, P Ͻ 0.001, two-sample t test). The novel conditions included all conditions in which no specific training was given: LtT at baseline, LtR, RtR, and RtT 48 h after the first training session, and LtR, RtR, and RtT after prolonged training. The trained conditions included all testing occasions with the trained sequence after a single training session immediately and 24 and 48 h posttraining as well as after multisession training. When performing a nontrained, novel condition, all participants showed a robust block-by-block improvement reflected in the positively inclined slopes. The limited experience (four test blocks) with an untrained condition during the first transfer testing (after the initial training session) did not affect the rate of improvement significantly in the second (after prolonged training) transfer test. In contrast, the trained conditions were characterized by minimal changes in performance on consecutive test blocks, resulting in rather flat regression lines. The magnitude of this novelty effect, however, was not related to the absolute level of performance. Thus, although participants showed robust transfer in terms of speed and accuracy of the training gains to the untrained hand 48 h posttraining, the slopes of the fitted linear regression lines clearly indicated that performing the sequence with the untrained hand constituted a novel experience.
Discussion
Altogether, our results indicate that the knowledge gained from a training experience undergoes a number of important qualitative in addition to quantitative changes. Experience exerts its effects on performance in different time windows: on the scale of 1 min (block-by-block gains) within a single training session and also hours after the termination of the single training experience. Moreover, training beyond a single session could result in a subsequent shift in the representation of a trained movement sequence (to a less abstract level) and thus narrow the transfer of the acquired knowledge to a nontrained motor effector.
The very fast gains accrued during the testing of new (untrained) conditions were evident on a time scale of minutes independent of the level of performance and effector. These rapid gains, as indicated by the slopes of the regression lines fitted to the four successive test blocks, occurred only at the very beginning of training and were not found on any of the subsequent measurements of performance in the trained condition. In the transfer conditions, in which only very limited experience was given (constituting the test itself) these rapid gains were consistently found both 48 h posttraining and after the long-term training condition. We propose that these rapid gains can be considered a marker for the novelty of the experience. Thus, rapid performance gains within a given session may represent the tuning of a previously established motor routine after repeated iterations of the task under novel task conditions [as suggested to occur in perceptual learning (29) ]. This phase in motor learning can be conceptualized therefore as the motor system analogue of perceptual or cognitive repetition priming (12) . From this perspective, this ''novelty effect'' may reflect the ability of the motor system to differentiate familiar from unfamiliar experiences. Moreover, our results show that this differentiation is achieved regardless of the absolute performance level and thus may depend on amount of experience (e.g., the number of task iterations) rather than parameters of actual performance.
A leveling off (saturation) of block-by-block performance gains was shown recently to be a critical requirement for the induction of delayed gains in a perceptual (counting) task (12) . The emergence of delayed gains depended on the saturation of the block-by-block performance gains within the practice session, indicating persistent adaptation. Our results indicate that practice to a point below the saturation of the rapid gains, as in the transfer conditions, was insufficient to switch off the novelty effect. Rapid gains thus can be related to the notion of motor adaptation as a setting up of a motor routine in a given novel setting (5, 21, 22, 24) . Thus, our findings suggest the possibility that the saturation of the block-by-block gains within a given practice session may constitute an important factor in triggering long-term motor learning. How much experience is needed to saturate the novelty effect is an open question. Four successive (30 sec long) test blocks were not sufficient for turning off the novelty effect; after prolonged training, the transfer conditions (previously experienced 48 h posttraining) were still novel. In the present experimental design, because all the conditions were tested within a few minutes of each other, mutual interference effects (e.g., refs. 12, 24, 34) could not be ruled out as a factor limiting performance. However, relative to the main effect of learning, the amount of interference between conditions was presumably minimal, because there was no elevation in error rates in all the posttraining conditions.
Delayed gains in performance, requiring time (hours) and time in sleep to evolve, were reported in perceptual learning in human adults and in animals (7, 12, 13, 27, 28, (30) (31) (32) . The more commonly recognized aspect of consolidation, most often relating to nonprocedural memory, designates a process that modifies the memory of a given experience into a more robust and enduring form (35, 36) . Such immunity to interference was redemonstrated recently for motor learning by showing that two conflicting motor tasks can be learned and retained but only if the training on each task was separated in time by a critical interval of 4-5 h (5, 21, 24) . In line with previous conjectures concerning perceptual learning (7, 12, 13) , we propose the parsimonious notion that the evolution of delayed gains and of immunity to interference may be different aspects of timedependent processes that are triggered by a critical amount of experience. Thus, similar neural mechanisms (consolidation processes) may subserve the two delayed effects of training in motor learning (2, 11) .
The first 24 h posttraining constitute a time window during which a stepwise gain in performance occurred. Our results show that during the 48 h after a single (first) training session, the delayed gains were on the order of the gains attained during (within) the session. Five hours and, in another group of subjects, even 12 h posttraining no changes relative to the immediate posttraining measurements were found. By 24 h posttraining the process of latent improvement seems to near asymptote. Although 48 h posttraining small but significant additional gains in speed were observed with no loss in accuracy, it is not clear whether these additional gains indicate that the process of consolidation, triggered by the single training session, can continue beyond the first 24 h posttraining. One cannot rule out that these gains were induced by the additional training inherent to the measurement of performance at 24 h. In line with indications from animal studies (35) , a recent study has suggested that (procedural memory) consolidation processes in a perceptual task indeed may extend beyond the first 24-h posttraining interval (12) .
Several mechanisms were proposed to underlie memory formation during the consolidation period, the leading notion being that the process is based on experience-triggered de novo protein synthesis, leading to long-lasting changes in synaptic efficacy (36, 37) . The underlying assumption is that the processes subserving the consolidation of memory occur within a selected group of excitatory neurons that have been active in the training experience, i.e., are restricted to the neuronal populations that were engaged directly in the performance of the trained task (38) . However, recent behavioral and physiological studies suggest that this classical Hebbian idea needs to be extended to accommodate the evidence that different neuronal populations are involved in early and late stages of learning, i.e., that intensive practice and consolidation processes may result in the recruitment of a different set of brain areas other than that involved early on in practice (2, 6, 17, 21) .
Recent studies (28, 30) suggest that time in sleep is considerably more effective than time spent in the awake state for the establishment of delayed gains. The question of whether delayed improvement is just a function of time or whether sleep is especially important for consolidation of recently acquired procedural memory is still an important open question (39) . Total and partial sleep deprivations were shown to alter subsequent delayed gains in performance in both explicit and implicit memory tasks (27, 28, 40, 41) . Our results provide further support for the contribution of time in sleep to the learning of a motor task. However, we also show that sleep may be critical to the timing of the (behavioral) expression of the delayed gains in motor learning. The delayed effects of training were as large 24 h posttraining in both the OD and ON groups, suggesting that the effects of training were maintained in some latent form during the waking state for at least 12 h. Indeed, similar findings were reported by Walker et al. (figure 2 B and C in ref. 30) . The presence or absence of sleep thus may determine the time point in which time-dependent processes become effective.
One cannot rule out that circadian effects by themselves may influence the neuronal activity subserving consolidation in the motor system. However, some indirect indication against circadian effects comes from the finding that within-session motor learning and baseline performance were similar for OD and ON subjects. Furthermore, Fischer et al. (28) showed that performance improvement was observed equally after daytime and nighttime sleep. Altogether, the results suggest that the manipulation of time of training relatively to the time of sleep may contribute significantly to the optimization of various training protocols.
A key finding of our study is that the representation of the task after multisession training (Fig. 6 ) was qualitatively different from the representation 48 h after a single training session (Fig.  5) , i.e., after allowing ample time for consolidation. This difference could not be ascribed to the passage of time per se, because the pattern of transfer several months after a single training session was found to be similar to the one measured 48 h posttraining, indicating an effector-independent representation of the trained sequence of movements. In contrast, the transfer pattern after a single session as compared with the results of multisession training in the same individuals indicates a shift to both a sequence-specific and effector-dependent representation of the task. Thus, the final long-term representation of a task may be either effector-dependent or effector-independent according to the history of training and, specifically, to the parsing of training into multiple sessions. The effects of multisession training, therefore, turned out to be not simply incremental (additive, as a classical learning curve would predict) but rather resulted in a qualitative shift in the knowledge gained from the experience.
These findings are in line with a suggestion by Hikosaka et al. (6) , based on trial-and-error learning in monkeys, that a sequential motor procedure is acquired independently by two cortical systems, one using spatial and the other motor coordinates. The former is rapid and flexible, relying on attention and working memory. The latter is slowly evolving and dependent on the availability of prolonged practice. Our results show, however, that consolidated, long-term memory of the task can be maintained at a non-effector-dependent level of representation (i.e., accessible to the untrained hand) if only a single training session (with practice to asymptotic performance) is afforded. Thus, long-term motor memory does not necessarily depend on effector-specific representations. Our results suggest that the switch to a hand-specific representation may occur as a result of more extensive practice and͞or the parsing of training experience into multiple sessions.
Contrary to the notion of skills as corresponding to more general performance routines (42), our results, in agreement with others (6, 7, 12, 17, 43) , clearly show that more training resulted in more specific gains. Thus, practice makes transfer imperfect. Altogether, our results raise critical challenges to a leading model of learning, the power law of practice: both time after practice and the parsing of experience should be treated as important factors in models of procedural memory acquisition.
